Abstract Critical loads of nitrogen (N) from atmospheric deposition were determined for alpine lake ecosystems in the western US using fossil diatom assemblages in lake sediment cores. Changes in diatom species over the last century were indicative of N enrichment in two areas, the eastern Sierra Nevada, starting between 1960 and 1965, and the Greater Yellowstone Ecosystem, starting in 1980. In contrast, no changes in diatom community structure were apparent in lakes of Glacier National Park. To determine critical N loads that elicited these community changes, we modeled wet nitrogen deposition rates for the period in which diatom shifts first occurred in each area using deposition data spanning from 1980 to 2007. We determined a critical load of 1.4 kg N ha −1 year −1 wet N deposition to elicit key nutrient enrichment effects on diatom communities in both the eastern Sierra Nevada and the Greater Yellowstone Ecosystem.
. This renders them susceptible to the enrichment effects of N deposition, which occur at lower N concentrations than acidification effects (Baron 2006) .
Early ecological effects of N deposition on western alpine lakes can be assessed using changes in diatom community structure. Diatoms are a class of microscopic algae that are sensitive to limnological changes and have cell walls that are frequently well preserved in lake sediments. Shifts in diatom community composition provide early indications of ecological perturbations, whether by acidification (Charles et al. 1990 ), eutrophication (Hall et al. 1997) , or climate change (Smol et al. 2005) . Because of the documented sensitivity of diatoms to environmental change, they have been used to define critical loads of acidity (Battarbee et al. 1996) and nitrogen enrichment (Baron 2006) to surface waters, with the critical load defined as the threshold below which observable ecological effects do not occur (Porter et al. 2005) .
Changes in sedimentary diatom assemblages relating to enhanced atmospheric N deposition have been documented in the Colorado Front Range (Wolfe et al. 2001 ) and the Absaroka-Beartooth Wilderness Area (part of the Greater Yellowstone Ecosystem; Saros et al. 2003) . Specifically, increases in two diatom taxa, Asterionella formosa and Fragilaria crotonensis, are used as indicators of N enrichment in N-limited lakes, as Saros et al. (2005) demonstrated that these two species respond positively to moderate N enrichment in alpine lakes. Baron (2006) used diatom fossil records from the Colorado Front Range to determine a critical N load for lakes of Rocky Mountain National Park, which are situated in a relatively high N deposition area of the West (currently receiving approximately 3 kg N ha
total inorganic wet deposition; NADP 2009). Increases in A. formosa and F. crotonensis first occurred between 1950 and 1964 in lakes of this area (Wolfe et al. 2001) . Hindcasting total wet inorganic N deposition back to that time period, Baron (2006) inferred a critical load of 1.5 kg N ha −1 year −1 wet deposition to elicit ecological change in these lakes. Critical loads of sulfur and nitrogen deposition have been widely defined for European surface waters (Henriksen et al. 1992; Curtis et al. 2000; Curtis et al. 2005) . Despite the rapid ecological changes occurring across high-elevation lakes of the western US, only one critical N load value has been defined for this large region, and is based on a relatively small geographic area, Rocky Mountain National Park (Fig. 1) . The goal of this study is to enhance understanding about the geographic extent and threshold levels that may trigger diatom responses at low N levels elsewhere in the western US. To accomplish this, we quantified critical N loads in three class I wilderness areas across the western US that receive lower rates of N deposition compared to Rocky Mountain National Park: the eastern Sierra Nevada mountains (ESN), the Greater Yellowstone Ecosystem (GYE), and Glacier National Park (GNP; Fig. 1 ). These sites were chosen due to differences in total wet inorganic N deposition rates. The NADP site in the western Sierra Nevada area currently receives approximately 2 kg ha −1 year −1 of total wet inorganic N deposition, although rates were as high as 4 kg ha (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) or occurred at similar N deposition levels. Using the same approach as Baron (2006) , we examined sedimentary diatom profiles from two lakes in each area (Table 1) , and determined total wet inorganic N deposition rates at the time of key diatom shifts to infer critical N loads for these regions.
Methods
Sediment cores were collected from the deepest point in each lake using a gravity corer. The cores from the two lakes in GNP, Old Man and Snyder, were collected as part of the Western Airborne Contaminants Assessment Project (WACAP) study (Landers et al. 2008) . These lakes were considered suitable for this study because, unlike many lakes in GNP, they do not receive glacial meltwaters, which strongly affect N concentrations in lakes (Saros et al. 2010) . The lakes from the GYE are located in the Shoshone National Forest (Wyoming), while those in the ESN are in the Inyo National Forest (California). Both the GYE (Saros et al. 2003; Saros et al. 2005) and ESN (Whiting et al. 1989; Melack et al. 1998 ) lakes have been part of ongoing research on the effects of N deposition on lakes in these regions. We collected the GYE cores in 2001 and the ESN cores in 2007. The chronology of sediments was based on down-core 210 Pb activities measured by alpha spectroscopy (modified from Eakins and Morrison (1978) ), and dates determined according to the constant flux/ constant sedimentation rate (CF/CSR) model (Oldfield and Appleby 1984) . Diatom slides were prepared from digested (30% H 2 O 2 ) sediment samples. The processed samples were settled onto coverslips and mounted onto slides with Naphrax®. A minimum of 300 valves per slide was counted under oil immersion on a Nikon E600 Eclipse microscope with differential interference contrast under oil immersion at ×600 magnification. Diatom taxonomy was based primarily on Krammer and Lange-Bertalot (1986-1991) and Camburn and Charles (2000) .
While we quantified all diatom taxa in the sediment cores, we relied on changes in two indicator diatom taxa, A. formosa and F. crotonensis, as markers of enhanced N deposition in western alpine lakes. In-lake batch culture experiments have revealed positive responses to N enrichment for both of these species (Saros et al. 2005) . Hence, the timing of increases in the relative abundances of these two taxa was used as an indicator of the timeframe in which N deposition rates first exceeded a critical load.
We adopted the approach of Baron (2006) to infer N deposition rates during the timeframe in which target diatom taxa first increased. For each area, an exponential equation was fit to the total wet inorganic N deposition data from 1980 to 2007 (i.e., the total period of record) from the nearest NADP site (Table 1) . Baron (2006) found exponential trajectories for historical emissions trends spanning 11 western states (Washington, Oregon, California, Idaho, Nevada, Utah, Arizona, Montana, Wyoming, Colorado, and New Mexico). The exponential equation was solved for the timeframe in which the percent abundance of the indicator diatom taxa first doubled above background levels and exceeded 5% of the total diatom assemblage in each core. If these years differed between the two cores in each area, N deposition values were inferred for the time span between the two cores and averaged to generate a critical load value. In cases where the years in which shifts in the target diatom taxa first occurred after 1980, recorded deposition values at the nearest NADP site were used, with corrections as described below.
The NADP site in the Greater Yellowstone Ecosystem (site WY08) is situated at an elevation of only 1,912 m, whereas the two study lakes in this region are situated at 2,900 m or higher (Table 1) . To account for deposition differences due to elevation, we compared 1993-2006 average total wet inorganic N deposition data from the NADP site to modeled average annual wet nitrate deposition values for the locations of the cored lakes (Nanus et al. 2003) . We calculated a ratio of deposition at the core sites to that at the NADP site, and multiplied the NADP data between 1980 and 2007 by this ratio. An exponential equation was fit to these adjusted data, and, to determine a critical load, the equation was solved for the time frame in which the indicator diatom taxa increased in the sediment cores.
Results
Complete diatom profiles for one lake in each region are depicted in Figs. 2, 3, and 4; a summary of changes in the indicator taxa for the remaining three cores is provided in Fig. 5 . In the ESN lakes, A. formosa and F. crotonensis increased in relative abundances starting between 1960 and 1965 across the two study lakes (Figs. 2, 5a ). The remainder of the diatom assemblages were dominated by typical alpine taxa routinely found in dilute, nutrient-poor waters, including various small Fragilariaceae and Achnanthes species; their relative abundances declined as those of A. formosa and F. crotonensis increased.
In the GYE lakes, the increases in A. formosa generally occurred after 1980 (Figs. 3, 5b) , again with the relative abundances of typical alpine nutrient-poor taxa declining. Before 1980 in Heart Lake (Fig. 3) , A. formosa comprised less than 5% of diatom assemblages. Starting in 1980, this species gradually increased in abundance in this core, from 6% in 1980 to 25% at the surface of the core. A. formosa is present at low percentages (<10%) throughout the Study areas include the Greater Yellowstone Ecosystem (GYE), Glacier National Park (GNP), and the eastern Sierra Nevada (ESN). The nearest collection site in the National Atmospheric Deposition Program (NADP) is indicated for each area, as well as sources for water chemistry data (ANC acid neutralizing capacity) for the lakes Island Lake core (Fig. 5b ) until 1980 when it increases to 20% or more of the diatom assemblage. In the GNP lakes, although the N indicator taxon F. crotonensis is present, it did not increase in either of the two cored lakes over the last century (Figs. 4, 5c) ; hence, a critical load was not determined for this area.
For the ESN, the exponential equation of year compared to total wet inorganic N deposition was:
where, x=year and y=total wet inorganic N deposition (r 2 =0.105; Fig. 6a ). Solving for each year between 1960 and 1965, an average N deposition value of 1.4 kg ha −1 year −1 (standard deviation (SD) of 0.04 kg ha −1 year −1 ) was obtained for that period.
In the GYE, average wet nitrate deposition values from 1993 to 2006, calculated from the approach of Nanus et al. (2003) for the coordinates of the cored lakes, was 1.8 kg ha −1 year −1 , while average total wet inorganic N deposition for the same period from the NADP site was 1.0 kg ha −1 year −1 . We adjusted NADP data using the ratio of 1.8/1.0, and the resulting exponential equation for adjusted data from 1980 to 2007 was:
where, x=year and y=total nitrate deposition (r 2 = 0.158; Fig. 6b ).
Discussion
Paleolimnological records indicated a critical load of 1.4 kg N ha −1 year −1 wet deposition to elicit key diatom changes in both the eastern Sierra Nevada and the Greater Yellowstone Ecosystem, despite considerable differences in N deposition rates between the two suggesting that an ecological threshold of 1.4-1.5 kg N ha −1 year −1 wet deposition might be broadly applicable across high-elevation lakes of the western US that are N-limited. Nutrient limitation patterns, however, are still unclear in many alpine regions, suggesting the need for clarification of these patterns in broader assessments of the sensitivity of highelevation lakes to N deposition. The two key diatom species used as indicators in this study respond strongly to moderate N enrichment (Saros et al. 2005) . Other factors, such as acidification, fish stocking, and climate change, can also influence diatom community structure in alpine lakes, but the key changes in diatom profiles that we used across the three study areas are primarily indicative of N deposition in the investigated lakes. The same changes in diatom community structure occurred Fig. 3 As for Fig. 2 , but for Heart Lake (Greater Yellowstone Ecosystem) Fig. 4 As for Fig. 2 , but for Old Man Lake (Glacier National Park) across both ESN lakes, which have fairly different acid-neutralizing capacities (ANC; Table 1), and no changes were apparent in either of the GNP lakes, which also have fairly different ANC. In a high N deposition region of the Colorado Front Range, Wolfe et al. (2003) found similar changes in diatom community structure to those reported here, and noted that these species shifts are not indicative of pH decline. Fish stocking started in both GYE lakes in the 1930s, yet notable diatom changes did not occur until 1980 in this area. Climate change can also lead to shifts in diatom taxa. Discostella stelligera (Cleve and Grunow) Houk and Klee is a key species associated with changes in water column stability; increases in the relative abundance of this species in recent decades in Arctic, alpine, and temperate lakes have been attributed to warming (Smol et al. 2005; Rühland et al. 2008; Winder et al. 2009 ). The changes in diatom communities in this study are not consistent with those predicted if warming was the primary driver of these changes, as the relative abundances of taxa such as D. stelligera have declined or remained unchanged. D. stelligera was abundant earlier in the twentieth century in at least one lake from each of the three study areas: Ruby, Heart, Island, and Old Man.
It declined in relative abundance in Ruby, Heart, and Island when A. formosa increased in abundance, and remained at low percentages during the twentieth century in Old Man Lake, in which the relative abundance of the N indicator species (F. crotonensis) did not increase. Pederson et al. (2009) demonstrated that ecologically important temperature thresholds have been exceeded in GNP over the last century, yet the diatom profiles of the two study lakes from that area did not indicate any changes over that time frame. While we recognize that multiple drivers influence the ecology of alpine lakes, the decline or lack of change in the relative abundance of D. stelligera in these lakes is not consistent with warming as the primary driver of recent changes in key diatom taxa in the investigated lakes.
The N-enrichment indicator taxon F. crotonensis was present in both GNP lakes but did not increase in the sediment record of either lake. As mentioned above, the two lakes from this area, Old Man and Snyder, were part of the WACAP study (Landers et al. 2008 ). Water quality data from the WACAP study indicate that DIN/TP values for these lakes are 18.2 and 11.2, respectively. Based on Bergström (2010) , this suggests that these lakes, like many in the GNP Fig. 5 Sedimentary profiles of two key indicator diatom species, A. formosa and F. crotonensis, in one additional lake from each study site: a Cottonwood #5 (eastern Sierras); b Island Lake (Greater Yellowstone Ecosystem); c Snyder Lake (Glacier National Park). The 210 Pb-inferred dates are indicated on right side of each plot area (Saros, unpublished data) , are phosphorus limited and hence unlikely to respond to the enrichment effects of N. In addition, these two lakes are shallower than the four lakes from the other regions, potentially leading them to respond differently, if at all, to changes in N deposition. Owing to carbonate bedrock, these lakes also have relatively high alkalinity compared to other high-elevation lakes of the western US (Landers et al. 1987; Landers et al. 2008) , suggesting that many of the lakes of GNP are also likely resilient to acidification effects of sustained N deposition (Nanus et al. 2009 ).
The sediment cores from the Sierra Nevada were from lakes on the east slope of the range, whereas NADP site CA75 is located on the west slope. In a comparison of trends in wet N deposition during the early 1990s at sites from the west and east sides of the Sierras, Melack et al. (1998) concluded that patterns are similar, suggesting that the west side wet deposition data are appropriate for this study. A key difference between the two sides of the range, however, occurs with dry deposition rates (Jim Sickman, University of California, Riverside, personal communication), hence extrapolating the approach here to determine critical dry deposition loads would not be appropriate.
While the critical loads determined here focus on wet deposition values, it should be noted that the percent of total N deposition comprised of dry deposition differs between the Sierra Nevada and the GYE. In the Sierra Nevada, dry deposition can contribute about half of the total N deposition on the west side, whereas in the GYE, it only contributes about 15% (CASTNET 1997 (CASTNET -2004 . The capacity to include dry deposition values in future critical loads work would provide a more complete assessment of N deposition effects.
Critical N loads based on the response of terrestrial plants and lichens in the western US range from 3.1 to 10 kg N ha −1 year −1 for community shifts to occur (Bowman et al. 2006; Fenn et al. 2008) . Given the high sensitivity and rapid response of diatom community structure to environmental change, diatom community changes occur at much lower N values than those for terrestrial plants, and changes in these aquatic communities can serve as early warning signs of potential ecosystem change across a region. As such, the critical loads established in this study can be deemed widely protective across high-elevation ecosystems, and may alleviate the recent concern raised by Schlesinger (2009) that the use of thresholds in establishing protective legislation may not adequately prevent ecosystem degradation.
Conclusions
We determined a critical load of 1.4 kg N ha −1 year −1 wet deposition to elicit key nutrient enrichment effects on diatom communities in both the eastern Sierra Nevada and the Greater Yellowstone Ecosystem. Although N deposition rates are at least this high in Glacier National Park, diatom communities in the two lakes examined there were unchanged over the last century, likely because these lakes are primarily P limited. With their short generation times, diatom communities respond rapidly to environmental change, making them excellent sentinels of pending, Exponential relationship between annual total inorganic nitrogen deposition and time for a National Atmospheric Deposition Program (NADP) station CA75, located on the western slope of the Sierra Nevada, California; b NADP station WY08, indicated by squares, and inferred rates adjusted for elevation (as described in the text) indicated by diamonds broader-scale changes across ecosystems in response to disturbance. This suggests that the use of critical N loads based on the response of diatom community structure may be more broadly protective across ecosystems.
